LATE Palaeoproterozoic and Mesoproterozoic earth history is the subject of current interest following proposals for a Pre-Rodinia supercontinental assembly variably designated as Nuna, Hudsonland or Columbia (e.g. references 1-11 and references therein). Most of these models rely on geological evidences, particularly the distribution of 1.8-2.1 Ga orogenic belts. The reconstructions are highly speculative and sometimes technically incorrect mainly due to paucity of high-quality Late Palaeoproterozoic and Mesoproterozoic palaeomagnetic data. The data are insufficient even to draw an apparent polar wander (APW) path for any single craton 12 .
Piper 13 , on the other hand, argues for quasi-integral property of palaeomagnetic pole positions across most Precambrian shields for over 2 Ga, challenging the popular models of 'Rodinia' and 'Columbia' supercontinents as well as the general thesis of 'supercontinent cycles'.
The Indian shield comprises Archaean cratons notably Dharwar, Bundelkhand, Bastar and Singbhum. Recent works that can be linked to high-precision U-Pb geochronology have increased the Precambrian palaeomagnetic database from India [14] [15] [16] [17] [18] [19] . These results are restricted to the early-middle Palaeoproterozoic Era. The only study that pertains to the Late Palaeoproterozoic to Mesoproterozoic eras has been done by Pisarevsky et al. 12 from dykes yielding a U-Pb age of 1466.4  2.6 Ma on the Bastar craton. The authors reported steep upward/downward magnetization directions from these dykes. Additional studies [17] [18] [19] also yielded steep palaeomagnetic directions for dykes in the Dharwar, Bundelkhand and Bastar cratons. However, analysis of this larger set of steep directions allows for the identification of four subsets within the steep magnetization. While two subsets (named steep 1 and steep 2) are clearly identified as Early Palaeoproterozoic (Radhakrishna et al. 18 and references therein) and one of the subsets (steep 3) could be of Neoproterozoic age, one direction (steep 4) could not be assigned any age and is described to be of unknown age. A few dykes with moderately steep directions spatially closer to steep 3 or steep 4 directions but statistically different from these groups have remained ambiguous. We find that the moderately steep magnetization is statistically in remarkable agreement with the results reported for the 1466.4  2.6 Ma dykes 20 , while magnetization of the four dykes reported by Pisarevsky et al. 12 overlaps steep 1, steep 2 or steep 4 directions. Here we update the palaeomagnetic record of this early Mesoproterozoic period based on the analysis of combined data. This revised pole position significantly improves the palaeopole record for the Indian shield. We further use the pole data to constrain the tectonic reconstructions during this period. 
Geological background
A detailed account on the geological setting of dykes in the Dharwar, Bundelkhand and Bastar cratons is given elsewhere 12, [15] [16] [17] [18] . Only salient aspects are summarized here. The Bastar craton together with the Dharwar and Singbhum cratons amalgamated with the BundelkhandAravalli craton along the Central Indian Tectonic Zone (CITZ) prior to 2.45-2.5 Ga (Figure 1 ). Subsequent movements, if any, along the CITZ are only minor. Although a few authors [21] [22] [23] propose continental-scale tectonics in post-2.5 Ga periods [21] [22] [23] , the arguments are not in agreement with recent palaeomagnetic data [15] [16] [17] 24 . Basement in these cratons constitutes Archaean gneissic rocks enclosing different greenstone assemblages of variable dimensions (see exhaustive reviews in refs 25, 26) . The Proterozoic Eastern Ghat Mobile Belt (EGMB) is a distinct tectonic unit on the southeastern margin of Bastar craton separated from the main cratonic elements of the Indian shield. The EGMB amalgamated with the Indian shield during late Meso-and Neoproterozoic times 27, 28 . Nearly flat-lying Palaeoproterozoic sedimentary basins known as Purana basins are distributed along the cratonic margins 29 . Mafic dykes generally do not penetrate into the sedimentary sequences of the basins.
Mafic dykes are widespread in the Bundelkhand, Bastar and Dharwar cratons (Figure 1 ). High-precision U-Pb geochronology of these dykes is limited. An integration of the available U-Pb baddeleyite/zircon geochronology 16, 30 and palaeomagnetic results [14] [15] [16] [17] [18] [19] suggests distinct events of Palaeoproterozoic dyke magmatism at about 2.45, 2.37, 2.21, 1.99-1.89 and 1.86 Ga in these cratons. The 2.22 and 1.86 Ga magmatism is also predominant in the Dharwar craton whereas in the Bundelkhand craton the 2. 22 Ga dyke magmatism appears to be less predominant and the 1.86 Ga dykes are not present at all. Radhakrishna et al. 17 have reported another event of distinct dyke emplacement based on palaeomagnetic results in the Bundelkhand craton for which an age could not be assigned. In addition, a few dykes in the Lakhna area of the eastern Bastar craton (Figure 1 ) represent an entirely different magnetization dated at 1466.4  2.6 Ma by U-Pb baddeleyite geochronology 12, 20 . All the dated dykes are near N-S trending and include three rhyolites and one coarse gabbro. In the same area, NW/N-SE/S trending dolerite dykes also occur, but no age data are available 12 combined with the present authors' data for BS15 and steep 4 pmag dykes in Bundelkhand. Elements for which differences are prominent are shown in bold.
for them. These dolerites may represent the northeastern extension of the Palaeoproterozoic dolerite dyke swarms in the Bastar craton. It is not possible to distinguish unequivocally the distinct groups of dolerite dykes based on their field disposition. All dykes are massive, dark, coarse dolerites and have gabbroic grain size in the central portions of large dykes. The dykes occur predominantly with NW (to NNW)-SE (to SSE) strike directions with a subordinate number having orthogonal trends. The dykes, by their age grouping, do not appear to have any preferential strike trends. One long ENE trending dyke in Bundelkhand has yielded a Neoproterozoic age (1113  7.4 Ma) 16 .
Geochemistry
The Lakhna dyke magmatism constitutes both mafic and felsic compositions; it is represented mainly by rhyolites and trachytes with subordinate andesitic to basaltic variants 31 . Pisarevsky et al. 12 reported major and trace element geochemistry for these dykes. Most of the N-S dykes possess shoshonitic and high-K calc-alkaline affinities consistent with subduction-related characteristics. Their K 2 O content is always high (3.7-9.4 wt%). A comparison of the geochemical data from these N-S trending Mesoproterozoic dykes and the NW-SE trending (and a few N-S trending) dykes allows for the following observations: The NW (or N-S) dolerites are quite different in composition from the 1.466 Ga-old N-S dykes. This set of dykes is of subalkalic tholeiitic basalts with typically low K 2 O content (<2.8 wt%). Table 1 exemplifies the distinctions between the two groups. The rare earth element (REE) plots of the two groups show contrasting patterns of light to heavy REE fractionation and Eu anomaly (Figure 2 ). Mantle-normalized patterns (Figure 3 ) also produce clear distinctions; the 1.446 Ga N-S dykes are highly enriched compared to the NW-SE (or N-S) trending dolerites. In comparison, Palaeoproterozoic dykes in the Indian shield, including those of the Bastar craton, are subalkalic tholeiitic basalts in composition [32] [33] [34] [35] [36] [37] [38] (also unpublished data of the present authors). Thus, it is evident that the N-S trending 1.466 Ga dykes with shoshonitic/high-K calk-alkaline affinity have their spatial distribution restricted to the Bastar basement near to the EGMB front. 
Palaeomagnetism
Palaeomagnetic techniques involve alternating field and thermal demagnetization experiments and the principal component analysis of the consecutive data points defining the linear segments of the demagnetization steps to delineate characteristic remnant magnetizations (ChRM).
Full details regarding methods and data analysis are given elsewhere 12, 17 . Most of the palaeopoles derived from dykes in the Indian cratonic elements belong to multiple dyke emplacements of Palaeoproterozoic age. Pisarevsky et al. 12 grouped a set of steep directions from 10 dykes to define a Mesoproterozoic (1.466 Ga; U-Pb zircon date) direction in the Bastar craton. However, the palaeopoles from these dykes display large scatter both in latitude (1-68) and longitude (40-130) and have steep upward/ downward directions. Radhakrishna et al. 17 also obtained comparable directions from both the Bundelkhand and Bastar cratons. We subdivide these results into four subsets based on the analysis of a large dataset of similar directions from the Dharwar craton 18 . The steep 1 (poles in the equatorial region with long. <80) and steep 2 (poles in the equatorial region with long. >80) directions are described to correspond to c. 2.37 and 2.45 Ga respectively. In the Bundelkhand craton, five dykes have yielded another distinct but coherent group of directions from these two groups, and are classified into a discrete group of steep 4 magnetization. The 1.446 Ga directions cannot be clearly demarcated into a distinct group from the rest of the steep directional groups in the stereographic plot ( Figure 4 ). Spatially these distinctions are better illustrated in terms of pole distributions and therefore the pole data are plotted in Figure 5 . The palaeopoles from some of the dykes reported by Pisarevsky et al. 12 overlap with those of other groups of directions (steep 1, steep 2 or steep 4). Four dykes are removed from the rest of the population by more than 40. Palaeopole estimates from individual dykes define virtual geomagnetic poles and such significant variation can be attributed to the effects of palaeosecular variation. However, the palaeopoles from these dykes are statistically well classified into other palaeopole groups from the craton; geochemically too these dykes are tholeiites similar to dykes of steep 1, 2 and steep 4 groups in contrast to shoshonite compositions of the Mesoproterozoic dykes (Table 1) . Dyke D8 pole of their study 12 overlaps poles of steep 1 direction, whereas dyke D2 and D7 poles embrace the steep 2 group of poles (Table 2 and Figure 5 ); these poles are considered here to belong to steep 1 and steep 2 groups. One dyke (D4) falls into steep 4 group as described below.
One dyke (BS15; Table 2 and Figure 5 ) in the present study, in the northeast Bastar craton in close vicinity to the Lakhna area of study by Pisarevsky et al. 12 , has yielded a palaeopole closely comparable to the 1.466 Ga pole ( Figure  5 ). Dyke BS15 and also dyke D9 have compositionally subalkalic affinity as in the Palaeoproterozoic dykes without the shoshonitic affinity displayed by the 1.466 Ga dykes (Table 1) . Therefore, it is likely that the magnetization of these two dykes represents an overprint, or alternatively, isolated tholeiitic magmatism of 1.466 Ga 45 Ga palaeomagnetic poles 18 are also plotted for comparison. Note that the poles of dyke D8, and dykes D2 and D7 embrace the mean poles of 2.37 and 2. 45 Ga respectively. in eastern Bastar. In addition, compilation of palaeopole data from Dharwar craton shows that palaeopoles from four dykes notably close to this group of poles (Figures 4  and 5 ). The data are accordingly updated and listed in Table 2 . Altogether 11 dykes from the Indian shield comprise this group defined by a mean direction of D = 40.5; I = 56.4 ( 95 = 5.5; K = 70) yielding a palaeopole of  = 49.4N;  = 132.9E (A 95 = 6.6; N = 11). The pole data include both polarities ( Table 2 ) that are mutually antipodal and pass the reversal test 39 of 'Rb' class with an angular difference ( 0 ) of 6.3 ( crit = 13.9). Dyke D5 dated at 1.46 Ga (U-Pb zircon date of 1466.4  2.6 Ma) 12 belongs to this group.
Dyke D4 in the northeastern Bastar craton is geochemically tholeiite in composition and is quite different from the dykes of shoshonitic affinity linked to 1.466 Ga. Its pole data coincide well with steep 4 poles and is statistically distinct from the 1.466 Ga pole ( Figure 5 ). Dyke D4 and steep 4 dykes share similar major and trace element chemistry (Table 1) . Therefore, dyke D4 is grouped with the steep 4 dykes. This group of directions, although reported, did not form a part of the discussion in our earlier work 17 Among the six dykes in this subgroup, one is antipodal. These directions pass reversal test of 'Rci' class with  0 = 13.2 ( crit = 24.5). The high degree of coherence between the pole estimates of the independent dykes distributed over a large area and the positive reversal test suggest that this palaeopole corresponds to the geomagnetic field of a specific geological age. The pronounced within-site spread in terms of precision parameters at individual site level compared to between-site precision parameters and even a reverse magnetization in one dyke, nevertheless indicates remanence acquisition over a protracted time sufficient to average the geomagnetic secular variation. It is clearly evident that the steep 4 poles and the 1.46 Ga poles constitute two independent sets of pole data and the  95 confidence circles of the two pole sets barely overlap. Even the circles with relatively large error do not incorporate  95 circles covering the mean of the other set of poles. The poles are also remote from those of the Deccan/Rajmahal Traps that frequently register significant Phanerozoic overprinting of magnetizations in the Indian shield 40, 41 ; they are also removed from known 
Discussion
The presence of pairs of precisely coeval palaeopoles from the same two cratonic blocks can provide palaeomagnetic evidence to suggest that these two cratons drifted together as part of a larger continental shield area 42, 43 . Applying this test to the Indian shield, recently reported Palaeoproterozoic poles 14, 17, 18, 44 (and references therein) suggest that the Dharwar, Bastar and Bundelkhand cratons drifted together as a larger continental mass at least since 2.4 Ga. Stein et al. 45 have also provided Re-Os isotopic evidence supporting the view that these cratons within the Indian shield were unified by 2.5 Ga. Therefore, the 1.466 Ga palaeopole from these three cratons can be combined to calculate a greater mean palaeomagnetic pole of this age for the Indian shield. Accordingly, the palaeomagnetic pole estimated using data from the three cratons ( = 49.4S;  = 132.9E; A 95 = 6.6; N = 11; Table 2 ) is applicable to the Indian shield as a whole.
Precise U-Pb baddeleyite/zircon age data are not available at present for the mean palaeopole derived for the steep 4 group. However, a c. 1.65 Ga age is assigned based on the following: The pole is situated spatially at an intermediate position between the poles of 1.466 and 1.86 Ga for the Indian shield ( Figure 5 ). Assuming a similar polar wander rates during the 1.86-1. 46 Ga interval, a c. 1.65 Ga age is tentatively estimated for the steep 4 group of magnetizations. Alternatively, a c. 2.2 Ga age could be assigned to this pole because it falls between 1.86 and 2.37 Ga poles. However, a palaeopole derived from 2.22 Ga dykes is situated too far away (72) to suggest a temporal linkage between the steep 4 and 2.22 Ga magnetizations. Further, Rb-Sr isotope study yielded a poorly defined regression line corresponding to 1656  22 Ma on one of the Bundelkhand dykes 24 . Recently, an internal isochron age of 1641  120 Ma was obtained 46 between three mineral fractions and whole rock of a dolerite in the central Indian craton. In situ 40 Ar/ 39 Ar analyses of the dykes in the Bundelkhand craton exhibit a cluster at about 1.65 Ga also 47 , while some of the ages are concentrated near a possible ~1.99 Ga emplacement age. The palaeopole location of these dykes is remotely displaced from all other known Proterozoic/Phanerozoic pole data, as described earlier in the text. Interestingly, the steep 4 palaeopoles have been recorded relatively in more number of dykes in the Bundelkhand craton, very scarce in the Bastar craton and are not found in dykes from the Dharwar craton. At the same time, majority of K-Ar ages from the eastern Dharwar craton falls within a narrow 
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Poles in bold are used for generating Table 4. range of 1650  25 Ma 48,49 even though these dykes have yielded older U-Pb baddeleyite/zircon ages. It is likely that the K-Ar clock was reset in the eastern Dharwar craton by a 1.65 Ga thermal event, although it does not appear to be expressed in magnetic overprinting, unlike the example of the Bundelkhand craton where magnetic overprinting appears to have been registered. Thus, we argue that the steep 4 palaeopoles represent overprint magnetizations developed at ~1. 65 Ga.
The 1.466 and 1.65 Ga palaeopoles of the Indian shield are used as a first-order approximation to test varying preRodinia supercontinent models. The underlying premise of all the models incorporating the supercontinent cycle concept is that the supercontinent assembly resulted In case of North China, Laurentia and Western Australia, values have been corrected to match the age bracket of Indian pole pairs. Bold indicates that age differences are closely comparable (20%). The actual age bracket values are indicated within parenthesis. Figure 6 . Great-circle distances between pairs of palaeomagnetic poles of near coeval/isochronous interval for the Indian shield in comparison to the same from North China, Laurentia, Siberia, Baltica and Western Australia. The pole distances plotted are listed in Table 3 . The angular distances of the Indian shield for paired ages are taken as reference for comparison. Small variations in ages compared to the paired ages in India are calculated assuming the same rate of apparent polar wander for the age bracket. Adjacent to the right of the actual values are the corrected angular distances to match the age bracket of Indian pole pairs. The transparent band represents the great circle distance between the respective pairs of Indian poles with the bounds of error limits.
following the 2.1-1.8 Ga orogenic activity across the globe and persisted up to the end of Mesoproterozoic 11, [50] [51] [52] [53] [54] . The Indian shield is variously portrayed in the Columbia configurations. Hou et al. 55 place the Indian shield adjacent to western margin of Laurentia considering a ~1. 85 Ga radiating mafic dyke swarm across these crustal units. In another contrasting configuration 11, 56 , the Indian shield is positioned adjacent to North China and far away from Laurentia. A North China-India connection was also suggested by palaeomagnetism of 1780-1760 Ma dykes 57 and well-dated Xiong'er Group in North China 58 . In an attempt to evaluate these configurations, here we use the two Mesoproterozoic poles along with 1.86 Ga pole reported earlier 17, 18 . We used a comparison of great-circle distances between palaeomagnetic poles (Table 3 ) of near isochronous interval from these continental blocks (Table 4 and Figure 6 ) in combination with palaeolatitude distribution during this age bracket ( Figure  7 ) to test the tectonic linkages of the Indian shield. The angular distances between c. 1.86 and 1.46 Ga intervals for the Indian shield and North China are not in agreement. These two crustal units are marked by significant geological differences 17, 18 . Only one pair of poles is available from Siberia (1.88 and 1.46 Ga) for comparison within the period of this study, and the angular distance between the poles is quite distinct from that of India ( Figure 6 ). In case of Laurentia, the poles of a 1.88-1. 47 Ga pair are of greater certainty and the mean angular distance between the poles of this pair is outside the range defined by the comparable pair of poles from India. Since certainty of poles around 1.65 Ga for Laurentia is not clear, the two poles at 1.59 and 1.65 Ga (Table 3) are considered. In both cases, except one data point, all other angular distances of paired poles are on the verge of error limits or away from the angular distance band marking the error limits for India ( Figure 6 ). In the plot of palaeolatitude distribution (Figure 7) , the North China and Laurentia palaeolatitudes are distributed in the near equatorial position during c. 1.86-1.40 Ga, indicating almost an east-west drift. In sharp contrast, the Indian shield displays a north-south drift with its near equatorial palaeolatitude at c. 1.85 Ga spatially moving towards moderately steep latitudes by the early Mesoproterozoic. Table 3 .
These observations suggest that the drift of the Indian shield is independent from that of North China or Laurentia. Pisarevsky et al. 12 , while considering different scenarios of the Laurentia/Siberia-India connection, found several lines of geological discordances that negate feasibility of this reconstruction.
A distinct cratonic antiquity demonstrated earlier for the Indian shield from North China and Laurentia during the early to mid Palaeoproterozoic [15] [16] [17] [18] appears to be valid during the Mesoproterozoic also, at least until 1.46 Ga. Although pairs of palaeomagnetic poles of near isochronous interval are not presently available for comparisons, the Western Australian group shows a north-south drift like India. Similar palaeolatitude positions for Western Australia (Yilgarn craton) and the Indian shield persisted during the Palaeoproterozoic 14, 17, 18 . The style of palaeolatitude movement for both India and Australia appears to be similar across the Palaeo-and Meso-Proterozoic boundary ( Figure 7) . Thus, the Mesoproterozoic reconstructions with the Indian shield attached to Western Australia are favoured over the models proposing close neighbourhood of India and North China/Laurentia. Pisarevsky et al. 12 suggested India in juxtaposition with SW Baltica based on agreement of poles at 1.46 and 1.12 Ga and similarity of a few geological features. The angular distances between the three pairs of poles plotted from Baltica and India are remarkably in agreement ( Figure 6 ) suggesting their movement as a single entity. Extensional processes with accompanied basin formation in the Late Palaeoproterozoic both in Australia and India, the presence of significant juvenile felsic volcanic source of 1650 Ma as evident from €Nd values of the Proterozoic detritus in Australian sedimentary successions 59 , the c. We also evaluated the present results with respect to the Palaeopangaea reconstruction models proposed by Piper 13 . Both poles are rotated according to the Palaeopangaea rotation parameters 13 and none of these poles correlates with the proposed reconstructions (figure not shown). One possible reason for this could be the absence of well-dated Mesoproterozoic poles to constrain the reconstruction models. At the same time, it is interesting that the pole from Calymmian (1.466 Ga) dykes is in broad agreement with c. 1 Ga poles when rotated into Palaeopangaea B reconstruction. In this context, it is worth noting that the dykes yielding this pole are close to the tectonic front of the EGMB and it can be argued that they have unlikely escaped Grenville-age remagnetization. If this is the case, the magnetization age of these dykes is different from the U-Pb emplacement age. Field tests are absent at present to confirm the magnetization as primarily linked to their U-Pb emplacement age. However, magnetization in these dykes statistically differs from the recently reported Indian poles at ~1.0 Ga; the dykes towards the EGMB in the Bastar craton still preserve the Palaeoproterozoic directions. Thus, we prefer to argue in favour of linking magnetization to 1.466 Ga UPb emplacement age rather than considering it as the Grenville-age overprint. Mesoproterozoic ages (1381-1430 Ma), remaining intact at about 50 km distance all along the western marginal zone of the EGMB ( Figure  2 ) 28 , clearly indicate little possibility for the Grenville age magnetic overprinting in the Lakhna dykes, which are far beyond 50 km to the west of the EGMB.
Conclusions
Here, we have presented an update of the StatherianCalymmian palaeomagnetic data for the Indian shield. The study reports more robust 1.466 Ga mean palaeomagnetic pole and another pole that corresponds to a possible age of ~1. 65 Ga. The pole data have been used to test the pre-Rodinia Mesoproterozoic continental reconstructions based on great-circle distances between palaeomagnetic poles of near-isochronous intervals and palaeolatitude distributions. The analysis suggests that the Indian shield was not attached to the North China/ Laurentia crustal units as proposed in some of the Mesoproterozoic reconstructions. In turn, the Indian shield appears to be in juxtaposition with Australia, as has been demonstrated in the early-mid-Palaeoproterozoic reconstructions. Furthermore, the continental linkage appears to extend into Baltica. The present approach identifies similar angular distances between three pairs of poles coming from India and Baltica, supporting an IndiaBaltica connection as suggested recently by Pisarevsky et al. 12 . More data from future studies may validate the linkage. A proposal suggesting remagnetization of Calymmian (1.466 Ga) dykes at Grenville age, in view of their proximity to the EGMB tectonic front, appears to be in conformity with Palaeopangaea B reconstruction 13 , however, such an argument remains equivocal at this stage. Further analysis of recently reported geochemical data suggests that the 1.466 Ga felsic/mafic dyke magmatism has affinity to a subduction-related shoshonite-calcalkaline and high-K calc-alkaline magmatism, and it is spatially confined to the Bastar craton near the EGMB. This is in sharp contrast to the subalkaline tholeiite composition of the dykes of Palaeoproterozoic age that occur pervasively across the Archaean cratons in the Indian shield.
